We compare the deformation patterns produced by sand and a sand mica mixture (14:1 ratio of sand to mica by weight) while simulating basin fill in extension and inversion models to analyze the potential of the sand mica mixture for applications that require a strong elasto-frictional plastic analogue material in physical models. Sand and the sand mica mixture have nearly equal angles of internal friction, but the sand mica mixture deforms at a significantly lower level of peak shear stress. In extension, the sand mica mixture basin fill experiments show fewer normal faults. During inversion, the most striking difference between the sand and the sand mica mixture basin fill experiments is related to the internal deformation in faultpropagation folds, which increases with an increase in the basal friction. We conclude that our strongly elasto-frictional plastic sand mica mixture may be used to simulate folds in experiments that focus on mild inversion in the brittle crust.
INTRODUCTION
The granular materials most frequently used in scaled analogue models are quartz sand and wet clay because their elastic and frictional plastic properties are suitable for simulating faulting in the upper crust (e.g., Lohrmann et al. 2003 , Eisenstadt and Sims 2005 , Panien et al. 2006 . Extensive physical and rheological tests have been conducted to investigate the properties of dry quartz sand and have demonstrated its suitability for modeling the brittle crust (e.g., Mandl 1988 , Krantz 1991 , Schellart 2000 . According to Withjack and Schlische (2006) , quartz sand and wet clay (kaolinite with c. 40% water by weight) differ mainly in ductility (as defined by Rutter 1986) . Wet clay has a greater ductility and a higher cohesion than dry sand and consequently deforms with a higher amount of folding vs. faulting and produces smaller fault width and spacing (Eisenstadt and Sims 2005) . In addition, wet clay is characterized by a lower coefficient of internal friction. Wet clay may be used to simulate brittle rocks with considerable internal deformation, such as interbedded sandstone and shale. However, the disadvantage of wet clay is the difficulty of using it together with other analogue materials when the situation requires the simulation of layers with different mechanical behaviors, which results in lateral variations. The water in wet clay tends to transfer to interlayered (or juxtaposed) dry sand and uncontrollably influence rheological behavior.
To distinguish between syn-and pre-rift sequences, some authors have introduced thin layers of vermiculite (e.g., McClay 1990, Storti and McClay 1995) . However, a disadvantage of this procedure is the inability to define exact rheological behavior. To introduce a competence contrast in graben fill, Panien et al. (2005) suggested the use of weak brittle layers of glass microbeads within analogue sedimentary succession. High-sphericity glass microbeads are a well-known elasto-frictional plastic analogue material characterized by low cohesion (C = 5 Pa) and a low coefficient of internal friction (μ = 0.41; Φ = 22.3°) (Panien et al. 2006 ). Due to its weakness, glass microbeads are frequently used to simulate the mechanical behavior of weak frictional décollement layers within or below sand packs (e.g., Massoli et al. 2006 , Bahroudi et al. 2003 . Alternatively, Ventisette et al. (2006) and Soto et al. (2007) used silicone putty, a Newtonian fluid, to impart strong mechanical anisotropy within analogue extensional sand packs. The disadvantage of this method is the technical difficulty when preparing a silicone layer between granular brittle sand. Gomes (2013) carried out shortening experiments with sand and sand mixtures, and their mechanical properties were characterized. The author demonstrated that among the analyzed materials, the sand mica mixture (in a ratio of 14:1 sand to mica, by weight) possesses the highest elasto-frictional plastic behavior. It fails under a lower amount of peak shear stress than the sand, although the variation of the angle of internal friction is low (Φ sand = 37.63° and Φ sand mica mixture = 36.02°). In contractional analogue models, the frictional plastic behavior of the sand mica mixture model was characterized by subtle folding and in surface view, by partitioning of thrust faults into several small segments. In addition, the sand mica mixture revealed approximately straight thrust traces, in contrast to the strong convex-upward listric thrust geometry in the sand. The straighter fault traces suggest that behavior of the sand mica mixture is more homogenous, in that the layerparallel shortening in the deep layers was not as great as it was in the sand.
The goal of the present work was to compare the deformation patterns produced by sand and the sand mica mixture in extensional and inversional basins. In our conclusions, we try to address whether the sand mica mixture is suitable for replicating deformation. Because variations in deformation patterns could be caused by additional parameters, such as basal dip, basal strength and surface processes, we include in our analysis the basal strength, most likely the most important factor governing deformation in basin inversion. In nature, the basal strength may vary significantly depending on the rocks in which thrust-sheet gliding occurs, the depth of the detachment and the presence of pore-fluid pressure.
DESCRIPTION OF THE EXPERIMENTS

MODEL SET UP AND PROCEDURE
Six models were run under identical configurations (Fig. 1) , except for variations in two parameters. As mentioned above, we varied the basal detachment by changing the substrate, and we modified the basin fill by using either the sand (in models called "sand basin fill experiments" or simply "sand models") or the sand mica mixture (14:1 ratio, by weight) used by Gomes (2013) (in models called "sand mica mixture basin fill experiments" or simply "sand mica mixture models"). The first set of models (type I models) was set up on a basal card sheet that had the highest angle of sliding friction Φ b = 32.37° (µ b = 0.63). In the second set of models (type II models), the card sheet was overlain by a 0.3-mm-thick layer of highly spherical glass microbead, to produce an intermediate value of sliding friction Φ b = 25.68° (µ b = 0.48) during extension and shortening. In the last set of models (type III models), analogue materials were set up on a plastic sheet with the lowest value of sliding friction for quartz sand Φ b = 18.21° (µ b = 0.33) (Fig. 2) . All of the models had an initial length of 12 cm, a width of 20 cm and a total thickness of 3 cm. Each experiment involved two successive phases of deformation, both produced at a constant velocity of 0.69 x 10 -3 cm/s (2.5 cm/h). During the first phase, a rift was formed by a 6.5 cm (52 %) extension moving a basal sheet underlying part of the sand pack and fixed to the mobile wall (Fig. 1) . It is important to note that in the type II models, the glass microbeads overlaid the basal card sheet entirely only during the extensional phase. Due to the model set up, the microbeads were absent in the basin domain, so that frictional constraints at the bases of the type II models slightly changed during inversion. At regular intervals (corresponding to 1 cm of extension), the rift was filled with horizontal layers of the sand mica mixture or sand, depending on the experiment, interlayered with thin, differently colored sand horizons. These sand horizons acted as passive markers during extension and inversion. For the sand mica mixture models, this procedure may have caused a small decrease in strain effect without changing the overall results. At the end of the first phase of deformation, an additional 0.2 cm-thick layer of sand was sieved onto the top of the model to simulate a post-rift sequence.
Before the onset of shortening, the basal sheet was detached from the mobile wall to avoid the formation of a velocity discontinuity. Lastly, the graben was subjected to a coaxial shortening of 3.5 cm (18.4 %).
To obtain a rheological difference for the preand syn-rift sequences in the sand models, the sand was deposited using different handling methods (following Krantz 1991). Thus, for the pre-rift sequence, the sand was sieved from a height of 20 cm, and for the basin fill, the sand was poured from the basin shoulders (thus, the pouring height is considered to be 0 cm). According to Gomes (2013) , sands sieved from a height of 20 cm and poured from 0 cm produce angles of internal friction of Φ i = 41.47° (µ i = 0.88) and Φ i = 37.63° (µ i = 0.77), respectively. To facilitate comparisons of the experimental results, the sand mica mixture was also poured from the basin shoulders. Pouring the sand mica mixture directly into the basin (height equals 0 cm) yields an angle of internal friction of Φ i = 36.02° (µ i = 0.73) (Fig. 3) . The bulk densities of the analyzed analog materials and their grain sizes and shapes are listed in table I.
At regular extension and shortening intervals (0.5 cm), the cross-sectional evolution was photographed. In addition, the amounts of extension and shortening were recorded when the forward faults initiated. Because the results of progressive extension differed only slightly among our six experiments, we show only the final extension of 6.5 cm, which represents a shortening of 0.0 cm in the sequential evolutionary stages of the inversion models (Fig. 4) .
The main limitation of our experimental models relates to the lateral friction between the analog materials and the glass sides. Along these sidewalls, friction produces a higher local intergranular deformation, leading to slightly more plastic deformation. Another limitation of our model is that we describe only deformation produced along one sidewall: neither normal nor thrust fault distributions are homogenous along strike.
To avoid misinterpretation, we present sections cut through the middle of the model at final shortening and compare them with the sidewall sections. This comparison shows that observations made along the glass sides agree well with the internal deformation observed in the middle sections.
SCALING
To ensure dynamic similarity between analogue models and nature, the modeling materials must have angles of internal friction similar to those of rocks (Hubbert 1937). According to Handin (1966) , Byerlee (1978) and Jaeger and Cook (1979) , most rocks of the upper crust have angles of internal friction between 31° and 41°. Therefore, both our sand mica mixture and sand are suitable modeling materials.
Another condition for satisfying dynamic similarity, is to obey Hubbert's (1937) scaling relationship, σ*= ρ* x l* x g*, where σ*, ρ*, l* and g* correspond to the model-to-nature ratios for cohesion, density, length and gravity, respectively. In sandbox experiments, g* is always 1, and ρ* does not significantly influence the equation results. Thus, l* defines σ*. If l* = 10 -5
, then 1 cm in the model corresponds to 1 km in nature, and the cohesion of the sand and the sand mica mixture must be < 100 Pa because sedimentary rocks exhibit a cohesion that varies between 10 MPa and 20 MPa (Handin 1966 
RESULTS
FIRST EXTENSIONAL DEFORMATION PHASE
The general geometric style of the extensional evolution is similar to those described in several previous studies that used a horizontal basal sheet to create a half graben (e.g., McClay and Ellis 1987 , Panien et al. 2006 , Eisenstadt and Sims 2005 .
In all experiments, the extensional graben was bounded by two opposite verging normal faults located at the edge of the basal sliding sheet. The graben-bounding fault dipping toward the mobile wall (right side, in Fig. 4) is called "synthetic," whereas the graben-bounding fault dipping toward the fixed wall (left side, in Fig. 4 ) is called "antithetic." The antithetic border fault formed in the part of the model that was passively transported over the basal sheet (for ease of description, this part of the model is called the "left extensional block").
Antithetic and synthetic border faults are always formed at the same time. During progressive deformation, a synthetic domino fault system developed to accommodate extension in the basin to the left of the right-side border fault. Because of layer slip along the antithetic border fault during progressive extension, a relatively broad shear zone formed, and the left side basin fill produced an asymmetric syncline shape in the sand mica mixture models.
Differences between the different basin fill models (the sand mica mixture and the sand models)
Comparisons of the extension in our six models show small differences in the number and nucleation of normal faults and the deformation pattern. In all the sand mica mixture models, the final set of internal normal faults (F2 to F5) consisted of five synthetic faults, and extension ended with the formation of a sixth antithetic fault in the upper part of the syn-rift sequence (Figs. 4(Ai), (Bi) and (Ci)). By contrast, the sand models were characterized by six to seven synthetic faults, and no antithetic fault was formed (Figs. 4(Av), (Bv) and (Cv)). In addition, the timing of normal fault nucleation varied slightly more in the sand mica mixture models than in the sand models (Fig. 5) .
Differences between the type I, II and III models related to the different detachments
With the exception of the type III models, both border faults (both called F1 in Fig. 4) formed after 0.5 cm of extension (Fig. 5) . In the lowbasal-friction type III models, the graben appeared only after 1.0 cm of extension. In the type I and II models, the synthetic border fault was always steeper (~ 80°) than the antithetic one (~ 60°). In the type III models, both border faults had approximately the same dip (~ 60°). Thus, the graben aperture measured at the top of basin fill was slightly higher in the type III models than in the type I and II models.
SECOND SHORTENING DEFORMATION PHASE
The cross-sectional structural evolutions of our six models are shown along the experimental box side walls after 1.5, 2.5 and 3.5 cm of mobile wall displacement in Fig. 4 and along sections cut through the model centers at final shortening in Fig. 6 .
In our sand box experiments with different basin fills and detachments, inversion was accommodated by sand pack sliding along the basal detachment and layer-parallel shortening followed by thrusting and upward movement of the thrust hanging wall. The normal faults in our six models revealed insignificant reactivation that was only recognized in a surface view (not shown), in which fault traces displayed minor differential uplifts. All of the models developed frontal inversionrelated folds, identified as fault-propagation folds, due to the presence of blind faults during structural evolution (Figs. 4Aiii and vi, Biii and vi and Ciii and vi). However, the internal deformation varied among the experiments, as described below. Throughout the progressive inversion, normal faults were cut by the thrust and were passively carried away. In the thrust hanging walls in the type I and II models, thrust fault displacement caused clockwise rotation of the oldest normal faults (F2, F3 and F4) situated near the thrust tip (Fig. 4) . The antithetic border fault was also slightly rotated in a clockwise sense (2° to 3°). In the model center, this fault rotation could also be observed but was more subtle (Fig. 6) .
Differences between the type I, II and III models related to the different basin fill (the sand mica mixture and the sand models)
The most striking observation of our inversion expe riments was the strong difference between the styles of internal deformation of the faultpropagation folds formed by the sand mica mixture and the sand basin fill. In the sand mica mixture basin fill experiments, the contraction 57 TESTING A SAND MICA MIXTURE IN ANALOGUE EXPERIMENTS in the extensional basin was accommodated by layer-parallel shortening (Fig. 7) and anticlinal ramp folding. The simple shear acting parallel to the fault surface during progressive displacement of the hanging wall produced apparently a drag along the thrust fault (Figs. 4Aiv, 4Biv and 4Civ) . However, we relate the formation of the anticlinal ramp fold to passive folding in the sense used by Fossen (2010) , who suggested that passive folding occurs 'where the layering exerts no mechanical influence on the folding'. Because our basin fill was set up without any significant competence-contrast between layers, it seems reasonable that folding in our sand mica mixture experiments occurred by passive grain flow. Due to the presence of preexisting normal faults, folds are not homogenous from top to bottom. In the sand basin fill experiments, the faultpropagation folds were formed by the uplift of the hanging walls and layer-parallel shortening; however, the layers stayed in their horizontal state (Figs. 4Aviii, 4Bviii and 4Cviii ).
In the type III models, the low basal sliding friction created two thrust faults in both sand and sand mica mixture models. The resulting deformation in the basin fill produced anticlinal ramp folding along the older fault in the left side basin fill (Figs. 4Civ and viii) .
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CAROLINE J.S. GOMES, TAYNARA D'ANGELO and GISELA M.S. ALMEIDA A second remarkable difference between the models using the sand mica mixture and the sand is related to the timing of thrust nucleation. In the three models using the sand mica mixture, thrusts formed after 2 cm of shortening, whereas in the sand models, the thrusts appeared earlier, after 1.0 cm (Figs. 4A(iii and vi) , 4B(iii and vi) and 4C(iii and vi)). Here, two more aspects are noteworthy. First, despite their late nucleation, the thrust slip measured during final shortening (measured by the antithetic normal fault displacements) in the type I and II sand mica mixture models, compares well with that of the sand models (note that the thrust slip decreases towards the fault tip) (Fig. 8) . Second, the magnitude of thrust slip measured during progressive deformation is always a little lower in the sand mica mixture than in the sand.
Differences between the type I, II and III models related to the different detachments
The different detachments caused a variation in the internal deformation of the type I and II sand mica mixture fault-propagation folds. The low sliding friction of the basal glass microbead layer in the type II model caused a slightly higher thrust displacement than in the type I model (Fig. 8) as well as a minor tightening of its thrust hanging wall during inversion (compare Figs. 4Ai to Aiv with 4Bi to Biv). Consequently, in the sand mica mixture basin fill of the type II model, both layer-parallel shortening and folding were gentler than in the type I model.
Accordingly to Teixell and Koyi (2003) , the highly spherical glass microbeads accommodate layer-parallel shortening by bed thickening, whereas sand, composed of subangular grains, accommodate partly by volume reduction. Thus, the lower thrust slip observed in both models of type I (sand mica mixture and sand models) may also be related to the higher volume reduction of the sand at the experimental base.
The type III models differed considerably from the type I and II models. In the type III models, set up on a plastic sheet at the base, a second thrust fault formed as mentioned above.
The first fault formed at the toe of the mobile wall (Fig. 4C) , whilst, in the type I and II models, the thrusts developed near the antithetic normal border fault (Figs. 4A and B) .
As commonly observed in previous shortening analogue models (e.g., Mulugeta and Koyi 1987, Huiqi et al. 1992) , the older thrust displayed a higher dip angle (α = 40°) compared to that of the younger one (α = 32°) at final deformation, due to a progressive counterclockwise thrust rotation. Our experiments with different basin fills confirmed the conclusions obtained by Gomes (2013) showing that although the sand and the sand mica mixture possess a similar angle of internal friction (Φ i = 37.63° and Φ i = 36.02°, respectively), the latter shows a higher elasto-frictional plastic behavior than sand. In the present study, we found two more reasons that confirm the higher elasto-frictional plastic behavior of the sand mica mixture.
The first reason is related to the internal deformation produced during inversion in the sand mica mixture basin fill experiments. The faultpropagation folds suggest that in the sand basins, the applied shortening (3.5 cm) was too small to produce any grain flow other than layer-parallel shortening. However, in the sand mica mixture basins it was sufficient to produce folds by a distributed deformation that involved grain flow.
A comparison of our three sand mica mixture basin fill experiments, set up on different detachments, revealed that the degree of internal deformation in the analyzed mixture depends on the basal sliding friction (and not on a buttress effect). The higher the angle of basal friction, the higher was the internal plastic deformation, namely the passive grain flow that led to the folds. We attribute the higher plastic deformation in the type I sand mica mixture basin fill, compared to the equivalent type II experiment, to a kinematic compensation for its slightly lesser thrust displacement. Notably, the lowest angle of basal friction of our three sand mica mixture experiments favored faulting at the toe of the mobile wall and the development of a second thrust.
The second reason is related to faulting. In the sand mica mixture experiments, the extension phase revealed a minor number of normal faults and slightly more irregular spacing of the normal fault. During inversion, a delay in the thrust nucleation was observed in the sand mica mixture experiments in addition to the minor fault slip.
According to Panien et al. (2006) , angular and subangular grain shapes and heterogeneous grain-size distributions produce a larger diffuse deformation because of the higher dispersion of stresses. The heterogeneous grain-shape distri bution of our sand mica mixture models, composed of subangular grains of quartz and tabular crystals of mica, may be responsible for these kinematic features in our experiments. Gomes (2013) described the stress-time curves of sand and sand mica mixtures obtained by ring-shear tests and revealed that sand has a stronger, more brittle behavior because it requires a lower amount of shear strain to reach failure than the sand mica mixture.
COMPARISON WITH PREVIOUS WORK Although our models were performed with different boundary conditions, it is worth comparing our results with those presented in analogue experiments by Panien et al. (2005) . Among other features, those authors analyzed the effect of the variation in basal friction on inversion. In their lowest-friction detachment experiment (ϕ b = 12.5°), most of the deformation was transmitted to the graben and the thrust fault nucleated at the normal border fault. By contrast, in the higher-friction experiment (ϕ b = 28°), the thrust initiated close to the mobile wall.
Our models produced a different result, in that the low basal friction in our type III model (ϕ b = 18.21°) produced thrust fault initiation at the mobile backstop, and both the higher-basal-friction type I and II models produced thrusts near the graben border fault.
In published pure contractional models, thrust fault initiation varied, as presented, for example, by Schreurs et al. (2006) . Thrust always initiates at the mobile wall toe in sand and sand mixtures (including the sand mica mixture, here employed) models, overlying a card sheet, in physical experiments developed by Gomes (2013) . After 3 cm of contraction, these experiments revealed the formation of two thrusts, and in the sand model, both thrusts revealed a convex up geometry (Fig. 9) . Because only one thrust fault developed in our type I and II inversion models and this fault maintained a straight geometry during progressive deformation, we suggest that the previous extensional basin interfered with thrusting. Thus, the experiments developed by Panien et al. (2005) may have produced a different result than ours due to the different distances between the mobile wall and the extensional basin, which were 10 cm and 4 cm, respectively. The evolution of our inversion models also contrasts with the experimental results presented by Eisenstadt and Sims (2005) . In their sand models, shortening and coaxial inversion produced an almost identical thrust system, composed of a forethrust and a backthrust bounding a passively uplifted zone. However, in Eisenstadt and Sims (2005) , the experimental set-up was completely different from ours. To produce the deformation, they did not use a mobile wall, but rather two overlapping metal plates beneath their 4-cm-thick layer of sand or clay, which caused a velocity discontinuity during inversion.
FINAL REMARKS
Tectonic inversion (horizontal plate movement) produces a variety of fault-related folds commonly formed by a buttress effect. Buttress folds are common structures in inversional fault hanging walls, related to the reactivation of normal faults, and have been simulated in several physical models (e.g., Buchanam and McClay 1991, McClay 1995) .
In our models, reactivation of normal faults was insignificant, and new reverse faults juxtaposed analog materials of the same rheology. The entire system was compressed between blocks of higher or equally brittle strength (the sand mica mixture and the sand experiments, respectively), and the fault-propagation folds resulted from the internal deformation of each basin fill analogue material, varying with different basal sliding friction values.
The fault-propagation folds simulated in our analogue experiments may be compared to the Sant Corneli-Boixols-Nargo anticline at the leading edge of the Boixols thrust sheet, described by Bond and McClay (1995) in the Lower Cretaceous extensional basin, south-central Pyrenees Mountains of Spain (Fig. 10) . Those authors found broad similarities between the geometry of the Sant Corneli-BoixolsNargo anticline and that of the inverted extensional half-graben models developed by Buchanam and McClay (1991) . Because Buchanam and McClay's (1991) experiments had been set up with a rigid footwall block that acted as a buttress and the sand was interlayered with thin mica layers, folding in their experiments was a consequence of layerparallel slip. Therefore, their folds are flexural-slip folds. We produced fault-propagation folds that, in the sand models, were formed by layer-parallel shortening and uplift of the thrust hanging walls, and in the more elasto-frictional plastic sand mica mixture, were formed by an additional distributed deformation that produced folds. TESTING A SAND MICA MIXTURE IN ANALOGUE EXPERIMENTS We suggest using the sand mica mixture for simulating basin fills in mild inversion tectonics, in geological settings characterized by sequences of low mechanical contrast between layers. In these models the internal deformation might be increased using a high-basal-friction detachment.
